Abstract Six-layered W-TiC/Cu functionally graded materials were fabricated by resistance sintering under ultra-high pressure and exposed in the edge plasma of HT-7 tokamak. Microstructure morphologies show that the TiC particles distribute homogeneously in the W matrix, strengthening the grain boundary, while gradient layers provide a good compositional transition from WTiC to Cu. After about 360 shots in the HT-7 tokamak, clear surface modification can be observed after plasma exposure, and the addition of nano TiC particles is beneficial to the improvement of plasma loads resistance of W.
Introduction
Plasma facing materials (PFMs) need to withstand critical heat flux and bombardment of energetic particles for long service life of PFMs and safe operation of devices. Tungsten (W) is being widely considered as a candidate PFM for future fusion devices due to its high melting point, low tritium inventory and low erosion rate under plasma loading [1] . However, there are serious problems for W that should be given more attention, such as the high ductile to brittle transition temperature (DBTT, higher than 400
• C) which makes W difficult to be machined and as a result, the operation temperature of W PFMs should be above the DBTT so as to avoid serious cracking [2, 3] , recrystallization and grain growth under elevated temperature which will lead to the deterioration of its high temperature strength and even increase its low temperature brittleness, etc. One solution to these problems is the fabrication of W alloys with finely dispersed particles, such as TiC, TiN, La 2 O 3 , etc. The particles added can strengthen the grain boundary and hinder the migration of grain boundary at high temperature [4] . Furthermore, among the particles mentioned above, TiC is compatible with tungsten [5, 6] , and W can diffuse into TiC to form a solid solution (Ti, W) C, resulting in a strong bond between W and TiC, which is beneficial for the strengthening effect of TiC particles [7] .
In addition, the design of plasma facing components (PFCs) includes the joint between W used as armor material and a copper (Cu) based heat sink [8] . But effective joining of W to Cu-based heat sink is very difficult, because the coefficient of thermal expansion and Young's modulus between W and Cu are very different, which will induce high thermal stress at the interface and even failure of the W/Cu joint under critical heat flux. One potential answer to this problem is adopting W/Cu functionally graded materials (FGMs) to smoothen the transition of material properties [9, 10] , which would result in the relief of thermal stress at the interface.
In the paper, six-layered W-TiC/Cu FGMs were fabricated by resistance sintering under ultra-high pressure (RSUHP) at the University of Science and Technology Beijing. To investigate the performance under plasma irradiation, the W-TiC/Cu FGMs were exposed to the edge plasma in the HT-7 tokamak. To study the strengthing effects of TiC particles, pure W/Cu FGMs were also exposed for comparison.
Experiments

Fabrication of W-TiC/Cu FGMs
For the W-TiC layer of FGMs, powders of pure W (an average particle size 2.0 µm and purity 99.9%) and 1wt.% nano TiC were mixed by ball mill in purified argon (Ar) atmosphere. For the W/Cu gradient layers of FGMs, powders of pure W (an average particle size 10 µm) and Cu (particle size < 74 µm and purity >99%) were mixed in an agate mortar. The designed composition (volume fractions) of each layer are as follows: W-TiC, 80%W-20%Cu, 60%W-40%Cu, 40%W-60%Cu, 20%W-80%Cu, and 100% Cu. The thickness of W-TiC layer is 2 mm and each transition layer is 1 mm. The mixtures were stacked layer by layer to form a green compact of 20 mm in diameter by cold pressure forming. And then a special fabrication method named resistance sintering under ultra-high pressure (RSUHP) was employed to sinter the six-layer FGMs. When an alternating current was applied to the green compact, a temperature gradient was obtained from the W-TiC layer to 100% Cu layer due to the large resistance difference of each layer and the ultra-high pressure can crush the W grain to refine the grain, and reduce the sintering time which is beneficial for avoiding obvious grain growth during sintering processes. The detail fabrication process is reported in Refs. [11, 12] . The fabrication parameters were as follows: ultra high pressure of 10 GPa, electric current of 980 A and sintering time of 60 s.
Plasma exposure conditions in HT-7 tokamak
The plasma exposure was performed in HT-7 tokamak with a limiter configuration. The dimension of each sample is 10 × 10 × 12 mm 3 . All samples were mechanically polished and cleaned with ultrasonic washer in acetone before sent into vacuum chamber. A magnetic transporter was used to send the samples to the scrape off layer (SOL), see Fig. 1 , and the surfaces were 280 mm far from the plasma center and 10 mm behind the last closed flux surface (LCFS). The samples were exposed to the edge plasma for about 360 shots (the average time of each shot is about 0.8 s) without active cooling. During plasma exposure the plasma discharges were operated with plasma current I P of about 150 kA, electron density N e of 1.0∼ 4.0×10 19 m −3 , toroidal magnetic of about 1.85 T, low hybrid wave power P LHW of 300∼400 kW (about 120 discharge shots were operated successfully with low hybrid wave).
3 Results and discussion
Characterizations of W-TiC/Cu FGMs
The cross section morphology of six-layered WTiC/Cu FGMs is shown in Fig. 2 , which exhibits homogeneous composition distribution in each layer and smooth compositional transition in general. Compositions of each layer were semi-quantitatively measured by X-ray energy diffraction spectroscopy (EDS), which shows that the sintered samples generally keep the initial designed compositions, indicating that no obvious Cu migration occurred during the very short sintering time. Fig. 3 shows backscattered electron image of polished surface of W-TiC layer. The black dots are TiC particles and the rest is W matrix. It shows that the TiC particles distribute homogeneously in the W matrix. The size of most TiC particles dispersed in matrix is below 200 nm, and slight agglomeration (∼500 nm) is observed, which is harmful to the strengthening effect of TiC particles. Therefore, it is necessary to optimize the fabrication process in the future. In addition, due to the short sintering time (60 s), the grain growth and the diffusion were suppressed, and it can be concluded that the TiC particles mainly distribute at the grain boundary. The relative densities measured by Archimedes's method are 98.2% and 95.7% for W-TiC and pure W layer, respectively. The eutectic temperature of W-TiC is lower than the melting point of pure W. Therefore the sintering of W-TiC should be faster than W grains, resulting in a higher relative density for W-TiC. Fig. 4 shows the fracture morphologies of pure W and W-TiC layer at room temperature. Surface of pure W displays a typical brittle fracture mixing of intergranular rupture and transgranular rupture (Fig. 4(a) ), and the intergranular rupture is more than transgranular rupture, which indicates that the grain boundary is weaker than grain interior. In comparison, the fracture surface of the W-TiC shows mainly transgranular rupture (Fig. 4(b) ), which reveals that the TiC additions effectively strengthen the grain boundary. The XRD analysis of pure W surface after plasma exposure shows that only several strong W peaks were found, revealing that only minimal compound formation occurred during the sintering and plasma exposure process. And the XRF of pure W surface shows that a small quantity of Cr, Mn, Mo (<0.1%) were found besides W and Fe which exist in the initial surface. The other elements may come from the stainless steel liner, Mo limiter and first wall of HT-7 tokamak and introduced by the deposition process. Equally, the XRF and XRD results of W-TiC surface also show little contamination and no excessive compound formation during plasma exposure. So, the addition of TiC particles may have no effect on the impurity deposition and compound formation.
Microstructure after plasma exposure
An interesting phenomenon was observed on the surface of W-TiC/Cu FGM, see Fig. 5 , which displays tracks of erosion craters. From the magnified view, it is found that the craters are composed of cylinder holes of about < 1 µm in diameter surrounded by bulges of obvious resolidification of melt materials. It is likely that the erosion by arcing leads to the phenomenon above. Arcs are short duration (1 ms), high current density (∼10 12 A·m −2 ) localized discharges that can occur between the plasma and a PFC. The PFC armor material is evaporated and eroded quickly due to the significant local heating by the arc. And the arc appears to hop from one spot to another in the B×J direction, resulting in the common scratch like signature of arcing. Fig. 6 shows the typical arc cycle observed in tokamaks [13] . No similar arcing tracks are found on the surface of pure W/Cu FGM and the reason remains uncertain, but the material compositions and surface condition have strong influence on the arcing behavior [14] . Micro crack is found on the surface of pure W/Cu FGM after exposure, see Fig. 7 . From Fig. 7(a) , it can be observed that the morphology of micro crack area is different from the area without crack, which illustrates that the damage of micro crack area is more serious. The reason is attributed to the deposition of intense energy delivered to PFCs by some special phenomena of plasma irradiation, such as plasma clusters (localized high density and temperature plasma), leading to large thermal shock on the localized area. Fig. 7(b) is magnified view of partial micro crack area shown in Fig. 7(a) . It shows that the area of micro crack seems to be seriously eroded by localized plasma, and under large thermal shock, the micro cracks are easily generated at the position with weak grain boundary and expand along the grain boundary. Similarly, very short micro cracks are also observed on the surface of W-TiC, but propagation seems to be inhibited, see Fig. 7(c) , which suggests that the addition of TiC particles dispersed in the grain boundary can hinder the crack propagation. In addition, no failure was found at the interface of gradient layers for both samples, which illustrates that the gradient layer can withstand such short pulse thermal fatigue. But, long pulse exposure with actively cooled samples is necessary to evaluate the performance of interface under quasi-stationary operation.
Summary and future work
RSUHP is a method suited to the fabrication of WTiC/Cu FGMs, achieving the compositional and properties' transition. The additions of nano TiC particles can improve the resistance to plasma loading, but may have no effect on the impurity deposition. Clear surface modification was found after plasma exposure. However, the effects of the thermal stress relief by gradient layers are not clear in such short high heat load. Future work will be conducted to study the characteristics of W-TiC/Cu FGMs under long pulse discharges. 
